Abstract: This study studies the relationship between tyre pressure and fuel consumption of vehicles using experimental methods and mathematical model to predict vehicle fuel consumption. The model obtained was F = 0.6272-2.5941p+3.3428p 2 ±0.018 where F is the fuel consumed and p is the tyre pressure of a vehicle, which can also be used to predict the amount of fuel consumed by other vehicles. The model was validated with its own data which showed a deviation of ±5% which is within experimental error. Using the recommended tyre pressures the model reduces the fuel consumption by 17.6% thus reducing cost of fuel. From the experiment, it was observed that the relationship between the fuel consumption and the tyre pressures of various vehicles is in the form of F = B 2 p 2 -B 1 p+B 0 ± e, where B 0 , B 1 , B 2 and 'e' depends on other factors of the vehicle such as the age of the vehicle and the conditions under which the measurements were taken. This equation can be used to predict fuel consumptions for vehicles when their tyre pressures are known. In all, it was seen from the research that any deviation in tyre pressure of vehicles resulted in an additional fuel consumed by vehicles. It is recommend that, there should be a massive public education or awareness about the need to keep recommended tyre pressure at all times because when tyre pressure falls below the recommended value, the decrease in the pressure invariably leads to an increase in fuel consumption.
INTRODUCTION
In the world today, due to the high cost of running a vehicle, there have been many research works to see ways of minimizing this cost. Some of this cost comes from the tyre of the vehicle, amount of fuel needed to run the vehicle smoothly, buying spare parts of vehicles and ensuring safety of the vehicle. As an automobile travel, the surface of the tyre and the road come into contact and must be continually peeled apart. In addition, each surface (both the tyre and the road) is deformed slightly so that in effect, the wheel rolls uphill. These effects combine to produce a rolling resistance. A ratio of 1:5.3 or more than a two percent is found for the effect on fuel economy for every ten percent change in rolling resistance for highway driving and a ratio of 1:9.6, or about a one percent fuel economy change for every ten percent change in rolling resistance for urban driving, Calwell et al. (2003) . Consistent with these findings, the study of Friedrich (2002) reports a thirty percent reduction in a tyre's rolling resistance can reduce a vehicle's fuel consumption from two percent to six percent, depending on driving conditions and other factors.
According to the Rubber Manufacturer's Association, when a tyre is under inflated by one pound per square inch ( psi), the tyre's rolling resistance is increased by approximately 1.1% and that a five to eight percent deterioration in rolling resistance performance, which equates to roughly one percent reduction in fuel efficiency (Calwell et al., 2003) . This is similar to the review study done by Schuring and Futamura (1990) which found for each ten percent reduction in the rolling resistance coefficient the fuel efficiency increased by (1.2-2.5%) for city and (0.9-2.1%) for highway driving. This is because inflation pressure determines tyre stiffness, which has a significant influence on the contact area of the tyre and pressure distribution over the contact surface. Thus, as pressure in the vehicles tyres is reduced, the rolling resistance increases over the road because the surface contact area and virtual hill height is increased. When the rolling resistance is increased, it takes more energy (fuel) to get the automobile to go the same distance.
The relationship between tyre pressure, rolling resistance and fuel economy is complex and dynamic and is dependent on several other factors, including Overall, rolling resistance makes up a relatively small percentage of the losses in a typical vehicle; it accounts for about four percent of a vehicle's energy expenditure at low speeds and about 7% at highway speeds (Stein, 2006) . However, these modest losses are substantial when in the context of automobile travel accounts for the largest source of energy use and greenhouse emissions, with petroleum combustion causing 2438 Tg (106 tons) Carbon dioxide (CO 2) or forty three percent of the emissions. Globally the situation is similar, where in 1990 the transportation sector was responsible for some twenty five percent of the world's energy use and twenty two percent of the global CO 2 emissions (Stein, 2006) .
Tyres are specified by the vehicle manufacturer with a recommended inflation pressure, which permits safe operation within the specified load rating and vehicle loading. Most tyres are stamped with a maximum pressure rating. For passenger vehicles and light trucks, the tyres should be inflated to what the vehicle manufacturer recommends, which is usually located on a decal just inside the driver's door, or in the vehicle owners handbook. Tyres should not be inflated to the pressure on the sidewall; this is the maximum pressure, rather than the recommended pressure.
If tyre pressure is too high, the tyre contact patch is reduced, which decreases rolling resistance. However, ride comfort is reduced, but traction is not always reduced, stopping distance is not always increased (Han, 2007) . Also, going above maximum sidewall pressure rarely results in the center of the tyre wearing more than the shoulders as shown in Fig. 1a . If tyre pressure is too low, the tyre contact patch is increased, increasing rolling resistance, tyre flexing and friction between the road and tyre. This "under inflation" as shown in Fig. 1b can lead to tyre overheating, premature tread wear and tread separation in severe cases. Braking distance does not statistically change as tyre pressure increases, suggesting that a larger contact patch from under inflation may not be a significant contributor for the conditions explored in these specific tests.From the above information it is seen that the inflation pressure or tyre pressure of a vehicle affects rolling resistance, tyre heating, tread wear and tread separation which result in vehicle fuel consumption.
The facts are that, tires with proper inflated pressure can safe its life up to 20% which is nine months more of its life span. Inflating correct tire pressure can also prevent tires from overheating, explosion and on the other hand, ease motoring and reduce maintenance cost (Hillier, 1991) . The main problem therefore is, what is the effect of incorrect tyre pressure on the on the performance of vehicle and the relationship between the tyre pressure and fuel consumption. This study seeks to find the effect that tyre pressures of vehicles have on the fuel consumption and develop a model for predicting the fuel consumption.
Importance of tyres:
Tyres are part of the backbone of a car, truck, piece of construction equipment or bicycle. Tyres add traction, braking, steering and load support to vehicles while also absorbing shock and creating a smooth and comfortable ride. There are o-shaped parts that can be pneumatic or solid and fit around the wheels of the vehicle to protect the wheels and add to their effect. A solid tyre consists of rubber, metals and plastic parts (Williams, 2008) .Vehicle tyres can affect not only the way cars are handled, but also affect the overall performance and fuel economy of a vehicle. One of the most important things to do is a regular schedule to check air pressure in tyres. Incorrect air pressure in tyre causes the tyre failure. Tyre failure while driving can lead to crush and possibly injure the driver and the passengers (Gibson, 2006) .
Rolling resistance:
According to Friedrich (2002) rolling resistance is the resistance to rolling caused by deformation of the tyre in contact with the road surface. As the tyre rolls, tread enters the contact area and is deformed to conform to the roadway. The energy required to make the deformation depends on the inflation pressure, rotating speed and numerous physical properties of the tyre structure, such as spring force and stiffness. Friedrich (2002) stated that, tyre makers sought lower rolling resistance tyre constructions in order to improve fuel economy in cars and especially trucks, where rolling resistance accounts for a high amount of fuel consumption. The pneumatic tyre also has the more important effect of vastly reducing rolling resistance compared to a solid tyre. Because the internal air pressure acts in all directions, a pneumatic tyre is able to "absorb" bumps in the road as it rolls over them without experiencing a reaction force opposite to the direction of travel, as in the case with a solid (or foam-filled) tyre. Overall, rolling resistance makes up a relatively small percentage of the losses in a typical vehicle; it accounts for about 4% of a vehicle's energy expenditure at low speeds and about 7% at highway speeds (Stein, 2006) .
Tread wear:
Friction between the tyre and the road surface causes the tread rubber to wear away over time.
The legal standards prescribe the minimum allowable tread depth for safe operation. Hillier (1991) suggest several types of abnormal tread wear as poor wheel alignment, excessive wear of the innermost or outermost rims, gravel roads, rocky terrain and other rough terrain will cause accelerated wear. Over inflation above the sidewall maximum can cause excessive wear to the center of the tread. However, inflating up to the sidewall limit will not cause excessive wear in the center of the tread. Modern tyres have steel belts built in to prevent this. Under inflation causes excessive wear to the outer ribs. Quite often, the placard pressure is too low and most tyres are underinflated as a result. Unbalanced wheels can cause uneven tyre wear, as the rotation may not be perfectly circular. Tyre manufacturers and car companies have mutually established standards for tread wear testing that includes measurement parameters for tread loss profile, lug count and heel-toe wear. also known as tyre wear. Tyre wear rates reported in the literature range between 0.006 and 0.09 g/km per tyre (Rogge et al., 1993) . The actual wear rate is, however, dependent on a range of factors such as driving style, weather and tyre and road characteristics (Johnson, 2005) . According to Stalnaker et al. (1996) , the wear rate has been shown to be several times higher during urban driving than during motorway driving, due to increased acceleration, braking and cornering in cities. Thus, a significant part of the worn tread rubber may be emitted in cities, even though city driving only accounts for a small part of the tyre mileage.
MATERIALS AND METHODS
The design used for this study was experiment which sought to find out the effect of tyre pressure on fuel consumed by vehicle. Kwame Nkrumah University of Science and Technology (KNUST) campus shuttle buse terminal was selected for the study. The experiment was carried out for a period of 3 months using five of the shuttle buses. In each day, the 5selected vehicle tyre pressures, odometer reading and the fuel reading were recorded for each vehicle. Records were taken at intervals of 3 h. The results for vehicle with vehicle No.1 readings for the first two days were tabulated and presented in Table 1 .
From Table 1 the average pressure was found and the fuel flow, that is, the fuel was divided by the distance covered and the results were presented in Table 2 .
Readings were taken for three months period of the experiment for each of the five vehicles and the results were tabulated and presented in a graphical form. From Table 2 Model suitability for the data: This research concentrates on mathematical models using statistical method of modelling. According to Stachowiak (1973) a statistical method of model is a formalization of relationships between variables in the form of mathematical equations. A statistical model describes how one or more random variables are related to one or more random variables. The model is statistical as the variables are not deterministically but stochastically related. In this study, a mathematical terms, a statistical model is frequently thought of as a pair (Y,P) where Y is the set of possible observations and P the set of possible probability distributions on Y. It is assumed that there is a distinct element of P which generates the observed data. Statistical inference enables us to make statements about which element(s) of this set are likely to be the true one. For this research least squares method of estimation for regression was used to estimate the model. Least squares method is the simplest and thus very common estimator. It is conceptually simple and computationally straightforward. Least squares estimates are commonly used to analyze both experimental and observational data. 
RESULTS AND DISCUSSION

Development of a model using least squares method:
The scatter diagrams for the various collected data for Vehicle No. 1, 2, 3, 4 and 5 which were collected and tabulated were plotted as shown in Fig. 3, 4 and 5. From the scatter diagrams, it could be inferred that the correlation between the fuel consumption and the tyre pressures are in the form of a polynomial function of a second degree. Hence a model can be developed using the least square method of modeling (Fig. 2) . The least square method of regression and correlation was used to develop the models for the five vehicles. In the least square method, the equation for the model is given by F = B 0 +B 1 p+B 2 p 2 +e, where F represent the fuel consumption, p represent tyre pressure, B 0 , B 1 and B 2 are constants for the polynomial which must be derived from the data obtained and e represent the error in the data. This equation can be written into three equations as:
Putting the various values for the different vehicles into these equations and solving for various constants, B 0 , B 1 and B 2 give the equation for each vehicle. For instance, for Vehicle No. 1, the tyre pressure values were tabulated and the summations found as shown in Table 3 . Substituting these values in to the equations gives:
4.1741=31B 0 +9.7875B 1 +3.1239B 2 (4) With these equations obtained, the various model graphs were drawn as shown in Fig. 4 and 5 for Vehicle No. 1 to 5. In all the graph plotted in Fig. 4 and 5 a general trend were observed as the tyre inflation pressure reduces the fuel consumption increased, perhaps this might be due to a higher rolling resistance which required much greater force to propelled the vehicle.
VERIFICATION OF THE MODEL
To verify the model, two steps were carried out. First of all, the R 2 values were found for all the five vehicles using the least squares method for correlation. R 2 values represent the correlation, that is, how closely the variables are associated, were found using this equation:
The values found were substituted into the equation and the R 2 values were found and the results obtained were tabulated and presented in Table 5 .
Comparing the R 2 values with the model values of the five vehicles, it could be seen that, the equation for 2.5941p+ 3.3428p 2 withR 2 = 0.93can be accepted as the model for predicting vehicle fuel consumption. Using this model with the recommended tyre pressure will reduce the fuel consumption by 17.6% and this will safe cost of fuel.
Secondly, this model was tested using the data for the other four vehicles and the results obtained for the R 2 values were presented in Table 6 . From Table 6 , it could be inferred that using the model gives better R 2 than using the vehicles own equation. Which means that the model gives better fuel consumption values compared with using the vehicles own equation. Only Vehicle No.3 has better R 2 value when using its own equation than using the model but the rest shows the opposite. This means that, the model can be used for all the five vehicles and by extension all vehicles if possible. But from the general equation using least square method, there is an error value 'e' which has to be found when error values exceed ±5. Using the general model equation for the other four vehicles it could be seen that the error values exceed that value and so the error value 'e' of the equation has to be found for the four vehicles and the least value taken. Using 95% confidence, the equation gives: F = 0.6272 -2.5941p + 3.3428p 2 ± 1.96 (8) where, σ represent standard deviation of the error values:
σ is given by ∑ ̅
where, N = The number of values taken These summations were substituted into the equation and errors found were tabulated and presented in Table 7 . Taken the least gives the final general equation of F = 3.3428p 2 -2.5941p + 0.6272 ± 0.018. Since ±0.018 is the least it can be used, because using the largest error value will mean that the error for the other vehicles will be increased.
CONCLUSION
An experiment was conducted to develop a model for the relationship between the tyre pressure and its corresponding fuel consumed. The model obtained was F = 0.6272 -2.5941p + 3.3428p 2 ±0.018 which can also be used to predict the amount of fuel consumed. The model was validated with its own data which showed a deviation of ±5% which is within experimental error. Using the recommended tyre pressures reduce the fuel consumption by 17.6% thus reducing cost. It also minimized emissions thereby making movement safe and desirable. It is recommend that there should be a massive public education or awareness about the need to keep recommended tyre pressure at all times because when tyre pressure falls below the recommended value, the decrease in the pressure invariably leads to an increase in fuel consumption. Also underscoring this need is the fact that most drivers or car owners fail to regularly check the level of their tyre pressure.
